Purpose: To evaluate aqueous humor outflow (AHO) in intact eyes of live human subjects during cataract surgery using fluorescein aqueous angiography.
R ecently, there has been growing interest to better understand aqueous humor outflow (AHO) pathways. 1, 2 As traditionally depicted in the literature, conventional AHO moves from the anterior chamber (AC) through the multilayered trabecular meshwork and then through Schlemm's canal (SC), collector channels (CC), an intrascleral venous plexus, aqueous veins, and finally into episcleral veins. 3, 4 However, a variety of structural assessments and tracer-based studies from postmortem laboratory animal and human eyes to live humans have now shown that AHO is more complex. Segmental patterns, structural motion, pulsatile flow, and dynamic behaviors have been described. [5] [6] [7] [8] Structural AHO assessment has focused on SC and nearby CCs. In the laboratory, 3D micro-computed tomography of perfused postmortem human eyes has shown CC heterogeneity with different configurations, numbers, and localization around SC. 9, 10 Histologic work has showed CC collapse and herniation at high pressure. 11, 12 Anteriorsegment optical coherence tomography (AS-OCT) in ex vivo human eyes has shown dynamic motion of SC and CC, 8 and this observation has been confirmed by clinical AS-OCT imaging in live patients. 7 SC/CC has also been visualized in live humans using AS-OCT with automated image segmentation to build a 3-D representation of outflow pathways. 13 However, the dependence on histologic and OCT evaluation means that investigators are sampling outflow anatomy using tissue or optical slices from the eye. This can be challenging when relevant structures (like CCs) are small so that they can be missed. Also, attempts to circumferentially and comprehensively map AHO pathways around the limbus in live human subjects are possible but laborious and time consuming. 13 Lastly, no firm relationship exists that translates SC and CC structural configuration to different aqueous humor fluid flow parameters. Therefore, tracer-based studies are an alternative approach that places tracers in the eye to visualize where fluid flows regardless of anatomic detail.
Tracer-based AHO studies were initially conducted ex vivo but have now also been used in the operating room in patients undergoing cataract surgery. Each tracer [gold particles, beads, fluorescein, indocyanine green (ICG), etc.] has unique molecular properties which can impact the final outflow pattern. 5, 6, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] However, regardless of the tracer, method (bead-based, canalograms, or aqueous angiography), or organism tested (postmortem mouse, pig, cow, and human or live nonhuman primate and human), the common final result is that AHO is segmental around the limbus and not circumferentially uniformly distributed. 5, 6, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Live aqueous angiography in nonhuman primates and humans has additionally shown that AHO is pulsatile (consistent with AS-OCT structural work) and possibly related to the cardiac cycle. 5 Dynamic AHO is another behavior that has been seen.
Here, regions that either initially do or do not have tracervisualized aqueous outflow signal seem to decrease or increase that signal, respectively. 5, 6 Here, we describe aqueous angiography using fluorescein in live normal human eyes during routine cataract surgery. Aqueous angiography has been published in live humans with ICG, 6 but the angiographic camera can image 2 tracers (fluorescein and ICG). In the laboratory, sequential aqueous angiography (using ICG followed by fluorescein) has been performed in cow 16 and human 15 eyes showing similar patterns. This allowed for ex vivo interventional testing on the conventional outflow pathways where ICG aqueous angiography was first performed to establish a pattern followed by trabecular bypass and then by fluorescein aqueous angiography to query the effect. 15 Therefore, establishing fluorescein aqueous angiography in live humans creates the same diagnostic paradigm for evaluating conventional outflow interventions in human subjects.
METHODS

Test Subjects
This study was carried out in accordance with the Declaration of Helsinki and approved by the Institutional Review Board of University of California, San Diego. Written informed consent was obtained. Eight subjects were recruited [ Table 1 ; 6 women and 2 men; 4 right and 4 left eyes; average age = 68.9 y (56 to 86 y old)] with cataracts that included the nuclear sclerotic, posterior subcapsular, or both types. No patient had a history of known fluorescein, ICG, shellfish, or iodine allergy.
Surgical Procedure
All subjects underwent standard phacoemulsification starting with preoperative topical dilating (1% tropicamide and 2.5% phenylephrine; Akorn, IL), antibiotic, and steroid drops followed by lidocaine jelly. Monitored anesthesia care (including intravenous fentanyl and midazolam) was provided followed by surgical time-out, sterile-prep, drape, and placement of a lid speculum. Before phacoemulsification surgery, a 1 mm side-port paracentesis was made slightly superior-temporal (right eye) or inferotemporal (left eye) through which a Lewicky AC-maintainer [20 g (K20-3276), Katena, NJ] was inserted. Aqueous humor was evacuated with a syringe followed by addition of tracer and imaging (see the Aqueous angiography section below for details). The surgeon would verbally indicate to the imager that tracer delivery was begun to initiate image acquisition. After completing aqueous angiography, the ACmaintainer was removed, tracer irrigated from the AC, and 1% preservative-free lidocaine added followed by viscoelastic segueing into standard phacoemulsification (Centurion Vision System; Alcon, Ft. Worth, TX). The side-port incision through which the AC-maintainer was inserted doubled as the phacoemulsification second instrument port. Therefore, no additional incisions other than what is routinely required for phacoemulsification were made. All incisions were hydrated and noted to be free of leaks at the conclusion of surgery. After surgery, patients were followed on postoperative day 1, week 1, and month 1 and 3 with standard topical antibiotics and antiinflammatory drops followed by taper.
Aqueous Angiography
Aqueous angiography imaging was performed as previously described. 5, 6 The surgical suite was arranged by moving the FLEX module into the operating room. The FLEX module is a modified surgical boom arm that allowed for stable 3 dimensional manipulations and positioning of the Spectralis HRA+OCT (Heidelberg Engineering GmbH, Heidelberg, Germany) camera head relative to the patient's supine position and eye through the use of multiple pivot joints. Alignment of the OCT/angiographic images along the z-axis was controlled by an integrated micromanipulator. The FLEX module was situated between the patient's bed and anesthesia station (Fig. 1 ). This provided a working space for the FLEX operator to the left of the patient. The camera head was surgically draped [Microscope Head Cover (40101.000), Microtek, Dominican Republic] to maintain a sterile environment for imaging. Next to the head rest, an IV pole was sterile-draped [General Purpose Probe Cover (PC1289), Ecolab, MN] and placed on the side of the eye to be imaged. This pole held a syringe reservoir with a 3-way stop cock, situated ∼10 inches above the eye, and provided a gravity-delivered constant pressure of ∼18.7 mm Hg. From this position, the camera head was placed above the eye, and confocal scanning laser ophthalmoscopic (CSLO) infrared (IR) images were acquired to center the eye in the picture frame using a 55-degree lens (subjects 1 to 3 and 7 to 8; ∼25 D focus) or anterior-segment lens (subjects 4 to 6; ∼37 D focus). Subsequently, fluorescence images were obtained using the fluorescein capture mode (excitation wavelength: 486 nm and transmission filter set at > 500 nm) or ICG capture mode (excitation wavelength: 786 nm and transmission filter set at > 800 nm) to establish a preinjection background that appeared black. Pharmaceutical grade 25% fluorescein [AKFluor 25% (NDC17478- , Akorn] was diluted at room temperature in pharmaceutical grade and sterile balanced salt solution (Alcon) normally used for human cataract surgery to 2.0%. Pharmaceutical grade ICG [ICGREEN 25 mg (NDC 17478-701-25), Akorn] was thoroughly dissolved with 0.7 mL of the manufacturer provided sterile solvent followed by 5.6 mL of sterile balanced salt solution to a final 0.4% ICG concentration. These concentrations were chosen based on previous experience in enucleated cow 16 /human 15 eyes, intact/ living nonhuman primate 5 and human 6 eyes, and because they have been described for clinical use at these concentrations in live humans as intraocular capsular stains to assist cataract surgery. 26 After introduction of tracer, IR, and angiographic images were acquired using the FLEX module with the subject looking in different directions.
Aqueous Angiography Quantitative Assessment
To quantify the angiographic signal, a semiautomated program was developed (Matlab R2018a, Natick, MA) (Fig. 2) . After standardizing all pixel intensities to a 0 to 255 range, using a graphical user interface, the investigator manually delineated the limbal border for each image. Using this border, the program automatically generated 3 test lines expanded outward from the limbus at 15, 30, and 45 pixel-increments while maintaining the same curvature. The investigator then manually marked the limbal extent of each quadrant (superior, temporal, inferior, and nasal). The pixel intensities along each test-line (15-, 30-, and 45-line) were acquired for each quadrant, smoothed (using a 3×3 averaging window), and plotted over their length. The summative signal intensity for each line was then determined and compared among the quadrants. For each quadrant, the signal intensity was divided by the total intensity obtained for each eye to yield percent signal intensity. Statistical comparison between the quadrantic percent signal intensities were made with 2-sample, equal-sized, and paired, student t tests (Microsoft Excel 2010). All values are expressed as mean ± SEM.
AS-OCT
AS-OCT [anterior-segment module (Heidelberg Engineering, Germany) on scleral mode] was concurrently acquired in subjects 5 and 6 during fluorescein aqueous angiography to determine whether angiographically positive regions showed vessel anatomy compatible for AHO. Single line scans with a 15-degree scan angle (3.9-μm axial and 11-μm lateral resolution; ∼4.5 mm) were taken with oversampling (automated real-time setting = 3). fluorescein and ICG) 5 and live humans (using ICG), 6 fluorescein aqueous angiography in intact eyes of living human subjects undergoing cataract surgery showed increasing signal over time ( Fig. 3 ; subject 1) with segmental patterns (Fig. 4 ; subjects 1 to 3). Initial angiographic signal was seen on average by 14.0 ± 3.0 seconds with a range from 4 to 24 seconds. Qualitatively, angiographic signal was usually more prominent nasally although focal regions with low nasal angiographic AHO could be seen [ Fig. 4 ; subject 2 (row A) and subject 3 (row C)]. Temporal angiographic signal, ranging from minimal to significant, could be seen as well ( Fig. 4 ; rows A/B/C).
Quantitatively, angiographic signal was measured in 4 subjects (subjects 1 to 3 and 7). Signal intensity was obtained from 3 test lines at 15, 30, and 45 pixel-increments from the limbus that maintained the same curvature (Fig. 2) . Overall the 15-line showed the greatest relative signal intensity (15-line: 45% ± 5.5%; 30-line: 32.7% ± 3.7%; and 45-line: 22.3% ± 2.9% of the total signal intensity for all 3 lines combined per eye). Therefore, for quadrant comparisons, the 15-line was used. Comparing the quadrants, the nasal quadrant had the greatest and the temporal quadrant had the least relative signal intensity (nasal: 45.1% ± 4.6%; temporal 9.1% ± 1.3%; superior 22.7% ± 9.0%; and inferior 23.0% ± 6.7%). In pairwise comparisons, the only statistically significant differences were found between the nasal and temporal quadrants (P = 0.009) and the nasal and inferior quadrants (P = 0.028). Fluorescein aqueous angiography shows segmental outflow patterns. Aqueous angiography in different positions of gaze for subject 1 (row A; right eye, 24 to 47 s), subject 2 (row B; left eye, 92 to 103 s), and subject 3 (row C; left eye, 46 to 56 s). Green arrows identify areas with segmental angiographic signal and red arrows point out segmental regions without angiographic signal. Notice that more overall nasal angiographic signal is seen although some temporal signal is observed. The time ranges represent the time it took to take the first and last image for each patient while looking in different directions. Variation in how much time it took and the time the first image was taken had to do with individual differences in addition to patient compliance (due to dilation and sedation) to take and hold eccentric gazes.
To validate aqueous angiography signal as compatible with AHO, fluorescein aqueous angiography was performed in conjunction with IR imaging and OCT. Fluorescein aqueous angiography showed similar patterns to episcleral veins on IR imaging ( Fig. 5; subjects 3 and 4) . This was more easily appreciated in regions of less intense aqueous angiographic signal as angiographic structures were more delineated. Supporting this, AS-OCT in angiographically positive regions also showed strikingly more and larger intrascleral lumens compatible for AHO compared with angiographically negative regions ( Fig. 6 ; subjects 5 and 6).
Previously, aqueous angiography had been conducted in sequence with ICG before fluorescein in the laboratory 15, 16 or in live nonhuman subjects. 5 Therefore, we performed the same imaging sequence here in live humans. Comparable results were seen here in live humans between ICG and fluorescein where ICG aqueous angiography (performed first) showed nearly identical segmental highsignal and low-signal patterns to fluorescein aqueous angiography (performed second) in the same eyes ( Fig. 7 ; subjects 7 and 8).
DISCUSSION
Fluorescein aqueous angiography showed segmental angiographic patterns, similar to previous reports using ICG and fluorescein in nonhuman primates 5 and ICG alone in humans. 6 AS-OCT and CSLO IR imaging combined with fluorescein aqueous angiography confirmed that the fluorescein signal was compatible with AHO. Importantly, just like in living nonhuman primates, 5 fluorescein aqueous angiography showed very similar patterns to that of ICG in the same eye when performed sequentially.
The purpose of this study was to describe fluorescein aqueous angiography in a small number of live human eyes. Advantages of fluorescein over ICG is that it is less expensive and more likely to be available in eye care clinics given more frequent use of retinal fluorescein intravenous angiography over that of ICG. 27 Also, fluorescein is well-tolerated without iodine allergy sometimes seen with ICG. Therefore, if clinically helpful and performed in a single application, aqueous angiography with fluorescein may be more widely used than with ICG. 28 Alternatively, ICG has its own advantages given its larger molecular weight, longer excitation and emission wavelengths, and propensity to be protein bound. In the posterior pole, while both ICG and fluorescein are suitable for retinal vascular angiography, ICG's characteristics make it more suitable for choroidal angiography. 27 Translated to the anterior-segment, ICG's characteristics allow for greater AHO intraluminal retention and less leakage compared with fluorescein. Also, ICG could theoretically image AHO pathways slightly deeper than fluorescein given greater depth of penetration based on its longer excitation/emission wavelengths. Sequentially, ICG angiography followed by fluorescein angiography showed very similar but not identical patterns. This supports results from postmortem bovine 16 and human 15 eyes as well as those seen in live nonhuman primates. 5 Differences likely come from the subtle molecular dissimilarities between the tracers (see above). Laboratory testing has shown that at these concentrations, ICG angiography should precede fluorescein, because in the presence of ICG, fluorescein can show some emission using ICG-based excitation wavelengths and filters. 16 With this method in place, sequential angiography can now be used to test outflow interventions such as trabecular bypass or new conventional outflow drugs in live humans by performing ICG angiography to establish a baseline and then fluorescein angiography after an intervention to query the impact.
Although the literature for conventional/trabecular aqueous angiographic imaging is growing, consideration can also be made for uveoscleral aqueous angiography as well although challenges exist. First, the uveoscleral outflow pathway is deeper so that it may be hard to image angiographically due to scleral diffraction of fluorescent emission. Second, conventional outflow resides more superficial to uveoscleral outflow so that even if uveoscleral outflow aqueous angiography was possible, it could be blocked by more superficial aqueous angiography of the conventional pathway. Therefore, aqueous angiography attempts for uveoscleral outflow in temporal or low-signal regions may be the best place to start. Also, large uveoscleral outflow correlates (such as lakes or clefts from trauma or uveoscleral minimally invasive glaucoma surgeries 29 ) might concentrate the tracer to further facilitate initial attempts at uveoscleral angiographic imaging.
This study has similar limitations to previous aqueous angiographic reports where the method requires a lid speculum that could have impacted the ocular surface, and aqueous angiography continues to be invasive. In addition, the sample size was small which made it difficult to determine whether individual differences impacted AHO. This included gender, sex, and race. Their role in AHO would make for important future study. Also, the patients had a mixture of medical comorbidities including hypertension, diabetes, and hyperlipidemia. Although we were restricted to imaging only those patients who needed routine cataract surgery, it would also be interesting to study the relationship between certain diseases, particularly vascular, to AHO.
In conclusion, fluorescein aqueous angiography in live and normal human eyes continues to support segmental AHO. In studying AHO, many tracers have been reported with overall comparable results between the laboratory and clinical setting. 5, 6, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Tracer characteristics lend to certain advantages when imaging for different purposes. Similar angiographic patterns seen during sequential imaging of the same eye using 2 tracers now allows for future angiographic evaluation of conventional outflow surgeries or drugs in live humans.
